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Reference reactor v, spectra: 7@
=z

normalization anomalies (1)

2 major review of reactor v, calculation in 2011 (based on ILL e spectra measurements):

= T. Mueller et al. (Phys.Rev. C84 (2011) 024617) / P. Huber (Phys.Rev. C84 (2011) 024617)

+ ab-initio 238U calculation / off-equilibrium calculation for T. Mueller et al. paper

-
()

-
-
[

‘ I

|

= Both agree on new global
normalization: +3% shift
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= Also global agreement on
new error calculation
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[G. Mention et al. Phys.Rev., D83 :073006, (2011)]
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= Reactor anomaly: overall ~6% difference between data

« new evaluation (Mueller et al.) » .
and expectation

% Nops/Nyreq = 0.943 0.023 (10)

( )
« old evaluation (Schrekenback/Vogel) »: Main Hypothesis:
© Nops/Npreq = 0.976  0.024 (10) - Underestimation of V, spectra uncertainties
- Existence of sterile neutrino with Am? ~1 eV2 et 8, o, ~10°
. J
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Reference reactor v, spectra:

normalization anomalies (2)

* Fuel evolution measurement by the Daya Bay experiment

Fss
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o5 [107% cm? / fission] = consistent with H+M model

= « Relative » anomaly across individual isotope normalisation

= Indication of a « preference for an incorrect prediction of the 235U flux as the primary source of the reactor
anomaly »

Also: several publication with slightly different conclusions or reviewed significance:
[A. Hayes & al., PhysRevLett.120.022503] , [C. Guinti & al., JHEP10(2017)143]
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The ILL Reactor

The Institut Laue-Langevin (Grenoble, France):

- 58.3 MWth research reactor

- Huge thermal flux: 1.5 x 101° neutron/cm?/s
- Fuel cycle: 50 days

- Heavily instrumented

®* Fuel: 41.4 cm

- Single annular fuel element:
280 curved plates

- ‘Bomb-grade’ highly enriched
uranium (HEU): UAIx with 23°U
enrichment at 93%

Reactor

Vessel (Al) _ Hot Source (C)

- Fissile part height: 80 cm

HS8
Horizontal Cold_
Source (lig- D2)

H21 - 125

H14 - H18

Ho "~ Vertical Cold
= Moderator/coolant/reflector: 235U Core————— SR Source (liq, Dy)
. H12
- Heavy water (D20) 0O - 1 Control Rod
hieldi .
Shiclding pig 5 Security Rods
= Reactivity control: Do - H13

Mod;rator Hi1l HT
- Borated zone along each fuel element

- Single control element Top view of the RHF (High Reactor flux) and its instrumentation
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AATANTIRINN

The BILL EXPERIMENT
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T spectrometer
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235U layer ( 3x6cm?)

contained between Ni foils
of~ 7 mg/cm2

[
80 cm to the

Icenter of
i reactor core

| & A A AR A A T AR A A Y e S A A R o S S A A e S AT M S Ry S M Y S AT

%{\\\\\\\”g

W

SCHEMATIC VIEwW OF THE TARGET SITE
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Magnetic BILL spectrometer at ILL, 1972-1991

(Electron detector in focal plane: multi chamber proportional
counter in transmission, rear mounted scintillator in coincidence)

Layer irradiated in a beam tube under vacuum at 80 cm of the reactor Z-axis
Exact location of the beam tube in the reactor unknown
Fission products stopped in the Ni foils, e guided through the beam to BILL at 13 m
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Four measurement performed at the ILL in the 80’s

g 12:_ ...................................... i ‘ ...........................................................................................................
» 235Y(1): [1] K. Schreckenbach et al., PLB99 (1981) 251 SiasE e
:3 .
& Normalized on: **Au(n,e’)*?%Au = b RGOt
m 235U(2): [2] K. Schreckenbach et al.", PLB160 (1985) 325 §1.o5§— --------------------------------------------------------------------------------------------------------------------------------------- +
& Normalized on: 2°7Pb(n,e’)2%Pb and R W I ++
’ - s F
B-decay foIIowing 115|n(n’ ,Y)116m|n 0.95;_ ....... '{_“}‘ +—I—+++‘J"—I_++'+ ______ HP_P_PHP ..................
u.gf_ .........................................................................................................................................................
= 239py: [3] F. Feilitzch et al.", PLB118 (1982) 162 S
Y Normalized on: *¥7Au(n,e’)**8Au and *5In(n,y)*!¢In 0.8 B e e o e
2 : ¢ ° ﬁElenc:tn:ur'n e:ergy {Mevf
= 241Pu: [4] A.A Hahn et al., PLB218 (1989) 365 Ratio of the two measured electron-energy spectra for
% Normalized on: 2°7Pb(n,e’)2°2Pb and 1%5In(n,e’)!16™In 23U from [1] (36 h) and [2] (12 h).

Spectra normalization (Number of beta particles per fission)

» |rradiation of calibration targets with well-known partial cross sections to thermal neutron capture
= bypass the reactor neutron flux knowledge

" 0f,Og: Mean cross-section for a thermal neutron flux

No = Nf Ngst| A0 g¢ " Ny, N number of atoms of the target
B — Nst nf O'f . Nf,' Ng;: measured .counting' r'ates ' '
= q:internal conversion coefficient (ICC) or beta branching ratio to

_ _ S the relevant state for the beta decay
st, f: calibration and fissionning target
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Comparison of the two 23U measurements normalization

4 )
Energy-spectra modelisation (simulation): Sa(E)=> Yx > BR S(E . Z)
FP branch
= Cumulative Fission Yields: * Fermi theory + first forbidden transitions treated as
- Nuclear data lib. (JEFF3.3, ENDF/B-VII.1) Konopinski et Uhlenbeck:
\' Fission code (GEFY-5.3) + Dominant Gamow-Teller (80%) y
..E 12;_ GEFY-5.3 ,_E 1 2;_ GEFY-53
2 = NDF/B-VILA 2 = ENDF/B-VII.1
@ 115 | sy JerFaaa @ 115
g 1 {3; 1
.‘g1.05:— 2‘1_05;
2] = e 4] =
£ 1= £ 1=
8 [ s F
095 0.95
u E +
st 1,016 + 0.009 osf-  1.049%0.004
D - E S S S e s
Electron energy (MeV) Electron energy (MeV)
a) 23U from (1) b) 23°U from (2) (M-H reference)

Double ratio data/simulation with 23°U and 23°Pu measurement.

=  Agreement between 23°U(1) and 23°Pu measurement

=  Clear inconsistency between 23°U(2) and 23°Pu: ~5% shift
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Simulation of the ILL reactor 70%

Review of ILL spectra normalization

- Updated ICC coefficients

- New estimation of the cross-sections Two Monte Carlo simulations of the ILL reactor
& (1) Westcott convention (aproximate approach)  wp - MCNPX-2.5.0
& (2) with dedicated reactor simulation _ TRIPOLI-4.10.2
" McNPsimulation  \ [/ TRIPOLI simulation , \
Bill target@80 cm Bill target'@80 cm

it

\__ () x-y cross-section, z=0cm _/ \ (a) x-z cross-section, y = 0 cm (b) x-y cross-section, Z = 0 cm/
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Internal Conversion Coefficients (o)

PRELIMINARY

-
Spectra normalization
N — Nf Ngt adst

ﬁ —
NSt Tlf O'f

\_

a: internal conversion
coefficient (ICC) or beta
branching ratio to the
relevant state for the beta
decay

ICC value [1, 2] (x107%)

ICC value from Brlcc (><10_4)

new/old values

1168n (1.29 MeV) 6.47(7) 6.48(9) 1.002(14)
198 Au (6 MeV) 1.092(10) (*) 1.071(15) 0.981(16)
208ph (7.37 MeV) 0.925(9) 1.022(14) 1.105(18)

(*) not provided in but stated to agree within 1% with tabulated data from [V.F Trusov, Atom. Data and Nucl. Data 10 (1972) 477-510]

) Good agreement with the latest evaluations for 1°’Au, 116Sn but 10% higher for 2°¢Pb.
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Revisited Normalization ingredients (2) 70%

PRELIMINARY
Cross-section
X X X 4 Wescott convention N
OILL OW estcott OMCNPX
. T
197 Au(n,y) 198 Au 98.8(3) [1] 103 87.45(12) 6 =oo(g+r 203 53 $0)
SIn(n,y)1t6™In || 140.4(30) [2] 145 123.9(18) $ : J
0.709(10) (1 thermal  non — thermal correction
207Pb(n,y)?"®Pb (10) [1] 0.622 0.546(11)
0.712(10) [2] = approximated framework
235U (n,f) 566(3) [2] 565 502(3) » 7 :fraction of epithermal/thermal
239Py(n,f) 800(8) [3] 786 696(6) neutrons above 0.5 eV.
241py(n,f) 1075(9) [4] 1059 936(5) \ Mewr T 0.00227 )

Mean cross-section used for the ILL spectra normalization assuming a thermal neutron flux (6;;; ), computed assuming a
fraction of epithermal neutron (Gyestcort) and computed with MCNP using the JEFF-3.3 database (Gycnp) -

= MCNP results: - averaged results in the D20 at 80 cm of the z-axis with Z € [—5,5] cm.
- number in (): deviation for a +10cm variation of the target position

¥ Overall agreement between reference ILL estimation and estimation using the Westcott convention

™ MCNP estimation exhibit lower values for all cross-section (-13-15%) except for 207Pb (~ —30%)
& important shift of 27Pb(n,y) normalization over last evaluation
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PRELIMINARY

Cross-section ratio

aost/oy (ILL) aost /oy calculated with MCNP | MCNP/ILL data
Y7 Au(n,e™)/ 23°U(n,f) | (1.914£0.02) 1075 [1, 3] (1.87 £0.02) 10—° 0.97940.010
1USIn(n,e™) / 235U(n,f) (1.60 £ 0.03) 10~ [3] (1.60 £ 0.02) 10~ 0.998+0.028
1.111 4+ 0.023) 10~ 7 0.955+0.026
207Ph(n,e™) / 235U(n,f) (1.16 £ 0.02) 10~ 7 [3] ( ) —
(1.164 £ 0.023) 10~ 7 @) 0.9994-0.026%)
7 Au(n,e™) / 232Pu(n,f) | (1.3540.02) 1075[1, 2] (1.35 4 0.02) 10~° 0.998+0.014
Wn(n,e™) / 241 Pu(n,f) | (8.4540.19) 1075 [3, 4] (8.58 £ 0.2) 1075 1.014+0.004
5.956 + 0.17) 10~8 0.97240.033
207Pb(n,e”) / 241 Pu(n,f) (6.1+0.1)1078 [3, 4] ( ) -
(6.2354+0.17)10 8 @) 1.01840.033%)

a) Ratios calculated using cross-section from: « Schillebeeckx et al., EPJ A49 (2013) 143, new measurement using y-spectrometry »
(not yet implemented in evaluation). Beside a), all other ratios are using JEFF-3.3 database.

¥ Simulation with JEFF.3.3: 207pp(n,y) previously overestimated by 12%.... but not using Schillebeecks data

) The ~4-5% inconsistency appearing in the normalization of the second 235U electron energy spectrum
measurement (reference in MH prediction) when compared to the 23°Pu spectrum can be reduced by the ~2.5%
difference between the two 23°U normalisations

™» But preliminary... average results at 80cm in heavy water
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PRELIMINARY

Cold sources Beam tubes

Normalised neutron flux [a.u]

200 300
a) Total neutron flux

thermal)

1022

( epithermal

-
3
w

r factor

10

Cylindrical mesh:

200

* R€[79,81]cm /1bins(AR =2cm) i _
. Z€[=70,70] cm /140 bins (AZ = 1 cm) b) Epithermal factor r (E, > 5.1077 MeV)

* 0 €[0,2m] / 502 bins (ALarc ~ 1 cm)

Neutron flux distribution at 80 cm of the z-axis

= Local variations: total neutron flux and epithermal contribution perturbed by proximity to sources and neighbor
beam tubes
U Hot (graphite) and cold (deuterium) sources used to lower/increase the energy of the neutron that crosses them

Anthony Onillon - AAP, Livermore, october 2018 11/13



Mean cross-section distribution

w

Cold sources Beam tubes 2
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b) 197Au(n, Y) 198Au

Mean cross-section [b]
Left: mean cross-section distribution at 80 cm of the Z-axis. Right: mean cross-section distribution over the spatial mesh.

" Flat distribution of local mean cross-section in D20 but non-negligeable effect of the beam tubes (¢.,;; higher).
U Potential cancelation in cross-section ratio to be investigated
U Potential investigation: implement BILL full experiment (beam tube + target)
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Conclusions & perspectives 70
bf

Evidence for ~5% of incoherency between 23°U(2) and 23°Pu electron-energy spectra.

Preliminary results of 23°U, 23°Pu and 2*'Pu spectra normalization investigation using dedicated reactor
simulations.

U Importante update of 297Pb partial cross-section (Schillebeeckx et al.: -12%) and ICC (+10%) that mostly
cancel.
U Averaged results at 80 cm with MCNP = simulated ratios can partialy explain the 5% normalization
incoherency between 23°U(2) and 23°Pu

Sensitivity studies in progress
U Exact position of the experiment unknown: position and surrounding environment influence
under investigation. Refined definition of the simulation with implementation of the BILL target
tube planned
U nuclear database choice and associated uncertainties

Work in progress: reevaluation of RAA after finalization.
& Publication coming soon!

Thank you for your attention!
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Backup (1)

Energy-spectra modelisation

= Cumulative Fission Yields:
S (E) =2 Yx > BR S(E,.Z) _ Nuclear data libraries (JEFF3.3, ENDF/B-VII.1)
FP branch - Fission code (GEFY-5.3)

2
S(E.)dE,. = g—";F(Z, E.)C.(Z,E.)p.E.(Ey—FE,)*Lo(Z,E.)C(Z,E.)S(Z,E.)G(Z, E.)(1+6w M E.)dE.
w

= First forbidden transitions treated as Konopinski et Uhlenbeck
+ Dominant Gamow-Teller (80%)

g F S1.35F
© | —— GEF53 +FIGT 1] - GEF53 + FIGT
—D-. 1 2_ ——— JEFF3.1.1 + FIGT Q.. 1 3; JEFF3.1.1+ FIGT
E B =~ ENDFBT + F/GT + g “E ENDFB7 + FIGT
a C ——— JEFF3.1.1+ GT & 1.25 f_ JEFF3.1.1+ GT
11— _I_ —|—~|— 12 B
5 +t4 E
- ++ + 1.15[ + —|‘ _I_
= - ++ﬁiﬁ e LT T
: +:"'*='= + 10.55— -+ -|_-|— T
0.9 R s | uE 05 + +r|— 4
B ——t -
L ==F.- —|—++ 1; +++ ++
- e e + — —— ——
0.8 0.95F +~ 4, T :|: A4
L = —.—+-|-|-='=_|_-|: =+ | T
0.7—1 T T R B et VR B Ll
2 3 4 5 6 7 2 3 4 5 6 7
Energy (MeV) Energy (MeV)

Ratio of the measured to calculated electron-energy spectra for 23°U(2) (left)and 23°Pu (right)
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Backup (2)

Westcott convention

Thermal region Epithermal region
E, < 0.5eV E, > 0.5eV
107 : : 107 :
i — 235U(n,fiss) SN — 207Pb(ny) |
10° 239Pu(n,fiss) 105} S~ — 197Au(nyy)
N | —N | — 115In(ny)
B e — 241Pu(n,fiss) AN “
_ 103_ \ JA _ 103_ | - 1130d(n,’Y)
s 7 X S {0
é 101 " é 101
@ e ) T~ \ L
S s f TR
o -1 o —1 \\ i Y
10 10 R
T~ \
10°° 10°° P~ N
-5 | | | | | | | | | | | | 10—5 | | | | | | | | | | |
107" 107° 1077 107° 10°° 107 10 107" 107° 1077 107° 10°° 107 10
Energy [MeV] Energy [MeV]

Fission and capture cross-section of relevant isotopes
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Backup (3)

Incident neutron data / JEFF-3.1.1 / Pb207 / MT=102 : (z,y) / Cross section

_JEFF-3.1
| | _JEFF-3.3
0,1+ 1
: E =0.0253 eV
§ oo JEFF-3.1:0.712 b
i JEFF-3.3:0.620 b =~
§ ooty = A=~13% iy

1E-4

1E-5

1E-6]

1EE11 1EE10 1E1-9 lE!-S 1E1-7 1E!-E lE!-5 lE!-4 0,&01 0,61 0,!1 i 1!0

Incident energy (MeV)

207Ph(n,y)?%8Pb cross-section for the JEFF-3.1, JEFF-3.3 and ENDF/B-VIII.0 databases
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Backup (4)

10127
1oe | — 235U(nfiss)
. ] — 239Pu(n,fiss)
= 107 |
3 F — 241Pu(n,fiss)
g 10tk
108 g 105
ot A\ TE 1oL
10°F o s [
L \ 2 ol
R \ E
'9'107 \\ 103__\\ L | . | 1 | | L L .| 1
3 . S 10 10° 107 10° 10° 107 10
= 102 ™ Energy [MeV]
< - N, . .
R “\\ (b) Fission rates
S 10"
£ i ; — 207Pb(nyy)
g 10_27 w 10" 1
2 Y — 197Au(ny)
ol omn, 3 10 — 115In(ny)
= &
i A\ s 113Cd(nyy)
10—6 I I I I I I I I I I I I é i
107" 107 107 107 107 107 10 g 10
Energy [MeV] % £
‘T;u 102}
(a) Neutron flux §
107°
10k

Typical neutron flux spectrum (a) and reaction rates Co
10" 10° 107 10° 107° 107 10

spectra (b,c) for the relevant isotopes in heavy water Energy [MeV]
(c) Capture rates
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Backup (5)

Y [cm]

-100-

-150 Y
-150 -100

Bl | 0 i

50 100 .

L
150
X [cm]

(a) Total neutron flux
XYplan,Z=0cm

Normalized neutron flux [a.u]

§150 0= 80/180 © 10"§
N 3
100 s
=
[
c
©
1078
S
£
S
b4
-50
10°°

-100 -50 0 50 100 150
p[cm]

-150

(b) Total neutron flux
XZ plan,Y=0cm

Total neutron flux distribution (a,b) and epithermal contribution (c, Westcott convention E, > 0.5 eV)
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XZ plan,Y=0cm
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